Aspartate transcarbamoylase catalyzes the second step of de novo pyrimidine biosynthesis. As malarial parasites lack pyrimidine salvage machinery and rely on de-novo production for growth and proliferation, this pathway is a target for drug discovery. Previously, an apo crystal structure of aspartate transcarbamoylase from Plasmodium falciparum (PfATC) in its T-state has been reported. Here we present crystal structures of PfA-TC in the liganded R-state as well as in complex with the novel inhibitor, 2,3-napthalenediol, identified by high-throughput screening. Our data shows, that 2,3-napthalediol binds in close proximity to the active site, implying an allosteric mechanism of inhibition. Furthermore, we report biophysical characterization of 2,3-napthalenediol. These data provide a promising starting point for structure-based drug design, targeting PfATC and malarial de-novo pyrimidine biosynthesis.
Introduction
Aspartate transcarbamoylase (EC 2.1.3.2) catalyzes condensation of carbamoyl-phosphate (CP) and L-aspartate to form N-carbamoyl-L-aspartate (CA) and phosphate, the second step in de-novo pyrimidine biosynthesis. Unlike humans, malarial parasites lack pyrimidine salvage machinery, making de novo pyrimidine biosynthesis pathway a promising target for drug discovery [1] [2] [3] [4] [5] [6] .
Crystal structures, as well as inhibitor design have been reported for the fourth, fifth and sixth enzymes of de-novo pyrimidine biosynthesis pathway in P. falciparum: dihydroorotate dehydrogenase (PfDHODH) [7] , orotate phosphoribosyltransferase (PfOPRT) [8] and orotidine 5′-monophosphate decarboxylase (PfOMPDC, PDB: 3N2M). Furthermore, PfD-HODH has been validated as a drug target and a number of compounds targeting PfDHODH have entered clinical trials [9] . Dihydroorotase (Pf-DHO) has been characterized [10] , but no crystal structure is available. We recently reported the crystal structure of the unliganded form of P. falciparum aspartate transcarbamoylase (PfATC) [11] .
Here we report the identification of a lead compound inhibiting PfATC (2,3-napthalenediol), a crystal structure of PfATC with 2,3-napthalenediol as well as biophysical characterization of a sub-family of structurally related compounds. Our crystal structure shows that 2,3-napthalenediol does not bind in the active site of the enzyme and does not significantly affect the binding of the first substrate. 202
Materials and Methods

Expression and purification
Wild type PfATC-Met3 was cloned, expressed and purified to homogeneity as previously described [11] .
Differential Scanning Fluorimetry (DSF)
Initial screening for PfATC-Met3 inhibitors was performed against a small molecule library similarly to [11] . Each reaction consisted of 2 μL compound (100 mM stock in 100% DMSO) and 45 μL Master mix (10x Sypro Orange (Invitrogen), 50 μM PfATC in 50 mM Tris-HCL pH 8.0 and 300 mM NaCl). Final protein assay concentration was 5 μM, final DMSO concentration was 2% (v/v). Previous assays showed that PfATC could tolerate up to 10% (v/v) DMSO (data not shown). Control experiments with 2% (v/v) DMSO were performed in each plate. Inflection points of the melting curves were determined using BioRad CSX 96 control software and used as indication of sample thermal stability.
Microscale Thermophoresis (MST)
MST measurements were performed on a Nanotemper Monolith NT.115 instrument (Nanotemper Technologies GmbH). Purified PfATC-Met3 was labeled using the RED-NHS Monolith Protein Labelling Kit according to manufacturer's protocol. The labeled protein was concentrated using a centrifugation filter with a 3 kDa cutoff, diluted with glycerol to a final concentration of 50% (v /v) and aliquoted for storage at 193 K. MST measurements were performed in MST buffer (50 mM HEPES pH 8.0, 300 mM NaCl) supplemented with 0.05% (v/v) Tween 20 in standard capillaries (Nanotemper Technologies GmbH). Labeled PfATC-Met3 was used at a final concentration of 20 nM. The ligands were titrated in 1:1 dilutions following the manufacturer's protocol. All binding reactions were incubated for 10 min followed by centrifugation at 20000g prior to loading. All measurements were performed in triplicate at 20-60 % LED and 40% MST power.
Activity Measurements
The kinetic properties of PfATC-Met3 were investigated according to [12] with minor modifications. Enzymatic reactions were performed according to [13] in a total volume of 100 μL in 50 mM Tris-Acetate buffer at pH 8.0; the final concentration of PfATC-Met3 was 50 nM. Aspartate and carbamoyl-phosphate (CP) saturation curves of the enzymes were assayed using a fixed concentration of CP (2 mM) and aspartate (1 mM). Small-molecule dose-response curves were measured using assay buffer supplemented with 1% (v/v) DMSO, 2 mM CP and 1 mM aspartate. The reactions were initiated with one of the substrates and quenched after 10 min with 100 μL of Stop mix (two volumes of Antipyrine (26.5 mM 2,3-Dimethyl-1-phenyl-3-pyrazolin-5-one in 50% (v/v) sulfuric acid) and one part of Oxime (80 mM 2,3-Butanedione monoxime in 5% (v/v) acetic acid). After quenching, the plates were sealed with transparent sealing tape to prevent evaporation and incubated overnight in the dark at room temperature, according to [12] . After incubation, the plates were developed for 30-60 min at 318 K in ambient light and the absorbance of the samples was measured at 466 nm using a Synergy H1 Hybrid Reader (BioTek). Positive control experiments with a gradient of carbamoyl-aspartate were performed to provide calibration curves. The carbamoyl-aspartate detection method showed high reproducibility and low or no sensitivity to either substrates or compounds tested. Each reaction was performed in triplicate. Analyses were performed using Microsoft Excel and Graph Pad Prism. 
Crystallisation, X-ray data collection and processing.
Co-crystallisation of PfATC-Met3 with ligands was performed according to [11] with minor modifications. Namely, the crystallization solution was supplemented with 10 mM of ligand (100 mM stocks in 100% DMSO).
Purified product of PfATC-full expression [11] was screened for crystallization using JCSG plus sparse matrix (Molecular Dimensions, Ltd). Diffraction-quality crystal appeared overnight in condition B12 (0.2 M Potassium citrate tribasic monohydrate, 20% (w/v) PEG 3350). All crys-205 tals were cryo-protected using crystallization-liquor supplemented with 20% (v/v) glycerol, flash-cooled and stored in liquid nitrogen prior to data collection. Crystallisation parameters are summarised in Table 1 . Cryocooled PfATC crystals were shipped to the European Synchrotron Radiation Facility (Grenoble). Data collection parameters are summarized in Table 2 .
The data collected for PfATC-Met3 crystals grown in presence of 2,3-napthalenediol were processed using XDSAPP [14] and Aimless [15] . Data for PfATC-full crystals were automatically collected and processed at the MASSIF-1 beamline [16, 17] . The structures were solved and initially refined using the DIMPLE pipeline within CCP4 suite [15] with the coordinates of the unliganded PfATC-met3 (5ILQ; [11] ) as a starting model. The final refinement steps included manual rebuilding in Coot [18] and Refmac5 [19] using locally generated NCS restraints and TLS parameters calculated via the TLSMD web server [20, 21] .
The resulting crystal structures are deposited in the PDB [22] under accession codes 5ILN (citrate-liganded PfATC) and 6FBA (2,3-napthalenediol-liganded PfATC). Data collection and processing statistics are shown in Table 2 .
Results
As previously reported, full-length PfATC could not be recombinantly expressed due to spontaneous cleavage of the N-terminal apicoplast targeting sequence [11] . Recombinant expression product obtained using a pASK-IBA3-PfATC-full plasmid encoding full-length PfATC [11] was used in crystallization trials. This resulted in single PfATC crystals that diffracted to 2.2 Å at the MASSIF-1 beamline (ESRF). The resulting crystal structure was refined to an R factor and R free of 0.18 and 0.23, respectively. Analysis of the resulting crystal structure revealed the presence of three PfATC molecules in the asymmetric unit. Each subunit consists of 11 α-helices and 9 β-strands arranged in two folding domains (Figure 1a ,b). The N-terminal carbamoyl-phosphate (CP) binding domain is formed by helices α1-5 surrounding a flat sheet of β1-4 and α11 piercing through the fold. Similarly, in the C-terminal aspartate-binding domain a central sheet (β5-9) is surrounded by helices α6-10. Connection of these domains is facilitated through α6 and α11 running in opposite directions. Side chains of α3 and β2 from each subunit form a tunnel in the centre of the trimer. Similar assembly of ATC of other species has been described previously [24] as well as the aspartate transcarbamoylase subunit of human CAD [25] .
Oligomeric contacts within the trimer are formed between α4, β1 & β2 of each subunit and α3, α11 and a loop between α11 and β9 from adjacent subunits (Pro333-Val337) (Figure 1b ). Evolutionary conservation of PfA-TC and its surfaces has been previously reported [11] . Each of three active sites of the trimer is located in a cavity between N-and C-domains and completed by mobile loop regions α9-β8 (residues 296 -313) and α4*-β2* (132 -140) from an adjacent subunit (Figure 1b ). For convenience an additional alpha-like region at N-terminus of PfATC-Cit structure (5ILN) has been labelled as α0. The N-terminus of 5ILN was modelled to Lys30, supporting previously suggested and predicted cleavage site between residues 27-28 (IRT-KK, [11] ).
Based on the presence of unambiguous electron density a phosphate and citrate molecules have been modelled within one of the active sites of 5ILN (Figure 1a,b ). Superposition of the N-terminal domains of PfA-TC-Cit (5ILN) and apo-structure (5ILQ) revealed a significant shift (3-4 Å) of the entire C-domain towards the N-terminal domain upon citrate binding, resulting in narrower active site (Figure 1a & b) . Helix α9 as well as the loop between α9 and β8 shaping the C-terminal side of the active site cavity were fully modelled in 5ILN (Figure 1a & b) , while they were omitted from the apo-structure due to lack of electron density.
This observation suggests stabilization of the active site residues and adjacent regions upon citrate binding. Furthermore, a significant remodelling of the loop between α4 and β3 containing the catalytic Lys138 was observed upon citrate binding (Figure 1a & 
Hit compound identification
Wild type PfATC-Met3 was recombinantly expressed and purified as described [11] . Differential Scanning Fluorimetry (DSF) assays performed against a library of small-molecule compounds identified a hit compound (2,3-Naphthalenediol, Figure 2a ), significantly increasing the thermal stability of PfATC-Met3 (ΔT m 6.5 K, Figure 2a ). Microscale Thermophoresis (MST) assay confirmed binding with a dissociation constant (K d ) of 19.9 ± 4.7 μM (Figure 2b ). Further MST analysis showed that at saturating concentrations of 2,3-napthalenediol (100 μM) the affinity of PfATC to carbamoyl-phosphate (CP) was not significantly affected. Indeed, PfATC was shown to bind CP in the presence and absence of 2,3-napthalenediol with dissociation constants of 2.6 ± 0.3 μM and 4.0 ± 0.8 μM, respectively. Similar CP binding was observed for ATC subunit from human CAD (K d = 6.3 μM) [25] . No binding of aspartate in the absence of CP could be detected in either case. (Figure 1d , purple) PfATC. Figure 1e shows the surface of the 2,3-Napthalenediol binding pocket. The same surface is shown for citrate-liganded (Figure 1f . purple) PfATC. All figures were generated using PyMol [27] . Superposition of the coordinates of PfATC structures was performed in Coot [18] . Figure 2e shows inhibition dose-response of PfATC sample towards increasing concentrations of 2,3-Napthalenediol at optimum conditions (Figure 2c & d) . 
2,3-napthalenediol inhibits PfATC activity
Kinetic measurements performed with PfATC-Met3 using varying concentrations of substrate allowed identification of optimal assay conditions (Figure 2c & d) . In the presence of 1 mM aspartate wild type PfATC-Met3 showed sigmoidal cooperative response towards CP (V max = 12.1 ± 0.3 μmol mg -1 min -1 and Hill slope of 2.7 ± 0.6 (Figure 2c) ). Similarly, in the presence of 2 mM CP, PfATC-Met3 showed sigmoidal response towards aspartate at concentrations below 1 mM (V max of 10.1 ± 0.4 μmol mg -1 min -1 and Hill coefficient of 1.5 ± 0.1). At higher aspartate concentrations a strong substrate inhibition effect was observed (Figure 2d ). This correlates with previous observations made for E. coli ATC [24] and human ATC CAD subunit [25] . Experiments using 2,3-napthalenediol, performed in 2 mM CP and 1 mM aspartate revealed an IC 50 value of 5.5 ± 0.9 μM (Figure 2e ), confirming the inhibitory nature of 2,3-napthalenediol.
2,3-napthalenediol binds near the active site of PfATC
Crystals of PfATC-Met3 grown in presence of 10 mM 2,3-naphthalenediol diffracted to a resolution of 2.0 Å ( Table 2 ). The PfATC-Met3-2,3-naphthalenediol complex crystal structure has been deposited under accession code 6FBA. Analysis revealed three 2,3-naphthalenediol molecules bound in the asymmetric unit (Figure 3a-c) , where hydroxyl groups of 2,3-napthalenediol face the Pro333-Pro335 loop opposite Arg109, forming polar contact with the side chain of Glu140 and a water-bridge with Pro333 and Leu334's carbonyl main chain oxygens (Figure 3c ). The naphthalene moiety of 2,3-napthalenediol is located between the α3 helix and the hydrophobic cavity formed by α4 helix and β1-3 sheets of the adjacent subunit.
Structural re-arrangements associated with 2,3-napthalenediol binding
Binding of 2,3-naphthalenediol did not significantly affect the structure of PfATC compared to the apo-structure (5ILQ, 0.55 Å rmsd on Cα's, Figure  1c ). However, stabilizing effects of 2,3-naphtalenediol, confirmed by DSF experiments (Figure 1b) , were visible in the crystal structure in reduced B-factors for mobile loops α4*-β2*(132-140) and α9-β8 (296-313) of the liganded structure.
Binding of 2,3-naphthalenediol resulted in significant shift in side chain position (4.7 Å between guanidine-groups) of Arg109 as well as Pro333-Pro335 loop shift (1.3 Å towards the compound), while the rest of interacting residues were not significantly affected (Figure 1c , 4a-c). A shift in Arg109 side-chain position towards the active site resulted in the formation of a channel between the active site cleft and the inter-oligomeric cavity hosting 2,3-naphthalenediol (Figure 4b , g-i). Slight re-arrangement of the residues forming that cavity resulted in its expansion to accommodate 2,3-naphthalenediol.
Structural comparison with the citrate-bound PfATC structure (5ILN, N-terminal domain alignment) showed significantly higher position difference of Arg109 main chain (2.8 Å, Figure 1d ) as well as the side chain (4.6 Å between guanidine-groups). Furthermore, the entire C-terminal domain of the citrate-bound PfATC structure shows significant shift compared to the 2,3-naphtalenediol-and apo-structures ( Figure 1 ). Positions of the Pro333-Pro335 loops differ by 2.3 Å (Figure 1d ). Significant differences as well as the increased B-factors (5ILN) are observed for the 132-140 loop, compared to the 2,3-naphtalenediol-bound structure ( Figure  4d-f) . Movement of the 132-140 loop re-arranges the hydrophobic pocket between α4 helix and β1-3 sheets of the N-terminal PfATC domain ( Figure  4e -i), making the potential binding of 2,3-naphthalenediol unlikely due to the steric hindrance. Furthermore, the sizes of both the inter-oligomeric cavity and hydrophobic pocket were reduced (Figure 4i ). Figure 3 shows the binding site of 2,3-Napthalenediol between two adjacent subunits labelled as a (green) and b (yellow). Electron density (contoured at 1.2s) supporting the presence of 2,3-Napthalenediol is shown in blue (Figure 3a & b) . Figure 3c shows polar contacts between 2,3-Napthalenediol and surrounding residues (black dotted lines).
213 Similarly, comparison with the citrate-bound structure (purple, 5ILN) is shown in Figures 4d-f, where significant re-arrangement can be observed.
Figure 4g
shows the expanded intersubunit cavity hosting a molecule of 2,3-Napthalenediol and a channel connecting this cavity with the active site. Adjacent subunits are shown in green and yellow.
In the absence of 2,3-Napthalenediol a reduced cavity as well as no channel to the active site can be observed (Figure 4h, rose & grey) . In the presence of citrate in the active site (Figure 4i , purple & blue) the intersubunit cavity is significantly remodelled making the binding of 2,3-Napthalenediol unlikely due to steric hindrance.
Further compound development
Based on the structure of 2,3-naphthalenediol the inhibitory effects of a sub-family of structurally related compounds were assessed. Dose response of PfATC towards 2-napthol, 2-amino-3-napthol, 4-tert-butylcatechol, 6-bromo-2-napthol, 6,7-dibromo-2,3-napthalenediol and 1,4,6,7-tetrabromo-2,3-napthalenediol was measured (Figure 2f ). None of the tested compounds showed improved inhibition of PfATC sample with the exception of 1,4,6,7-tetrabromo-2,3-napthalenediol (IC 50 of 2.2 ± 0.3 μM, Figure 2f ).
Discussion
Comparison of PfATC complexed with 2,3-napthalenediol, citrate-liganded and un-liganded crystal structures suggest an allosteric mode of inhibition, as 2,3-napthalenediol binds in a cavity between adjacent subunits of the trimer (Figure 3 ). Significant differences could be observed (Figure 1d , Figure 4d -f) in comparison with the citrate-bound PfATC structure (an analogue of the liganded R-state of the enzyme), while no major differences with the apo-structure were detected (Figure 1c ). Furthermore, affinity towards the first substrate CP was not significantly affected by binding of 2,3-napthalenediol and no re-arrangement of the CP-binding mobile loop α4 -β2 (132-140) was detected upon 2,3-napthalenediol binding ( Figure  4a -c) . These data imply that 2,3-napthalenediol could "hold" PfATC in its unliganded-like low affinity T-confirmation. Further optimization of the initial scaffold would likely take advantage of the intersubunit hydrophobic cavity and the induced channel leading to the active site ( Figures  4g -i) . Comparison with the ATC subunit of human CAD [25] shows that only eight residues in close proximity of 2,3-napthalenediol are conserved (Arg109, Ser113, Leu126, Glu140, Asp144, Tyr152, Pro333 and Pro335), while the rest of the residues formingthe cavity remain diverse. Significantly lower evolutional conservation of 2,3-napthalenediol binding site compared to nearly 100 % conserved active site of PfATC provides an opportunity for selective inhibitor design. Furthermore, the intersubunit cavity of PfATC hosts a unique pair of cysteines (Cys100, Cys112) from adjacent subunits located approx. 5 Å away from each other. The presence of this cysteine pair is mainly observed in Plasmodium species, while none of other ATC's from homologous organisms with sequence identity over 30 % possess either Cys 100 or Cys112 (Figure 2 from [11] ), providing an additional opportunity for highly specific drug discovery targeting PfATC. Although these two cysteines do not form disulfide bonds in either of the reported structures of PfATC, their presence is unlikely coincidental, as mutagenic substitution of Cys112 with alanine results in significantly reduced thermal stability of PfATC (unpublished data). Analysis of the inhibitory properties of compounds structurally related to 2,3-napthalenediol ( Figure 2f) shows that removal or substitution with amino group of one of the hydroxyl groups of 2,3-napthalenediol was not beneficial. Attempts to further exploit the hydrophobic cavity opposite to hydroxy-groups side using brominated 2,3-napthelediol analogues also did not yield significant improvements. None of the selected compounds could be clearly observed in co-crystallization trials with the exception of 2-amino-3-napthol and 6,7-dibromo-2,3-napthalenediol. Binding of 2-amino-3-napthol was virtually indistinguishable from 2,3-napthalenediol, however the exact positions of the amino and hydroxyl groups of 2-amino-3-napthol could not be identified. Due to significantly reduced inhibitory properties (Figure 2f ) as well as no detectable thermal stabilization (DSF) and binding to PfATC (MST) (data not shown), 2-amino-3-napthol was not further addressed in this study. The crystal structure of PfATC co-crystallized with 6,7-dibromo-2,3-napthalenediol showed the presence of two strong electron density peaks near the binding site of 2,3-napthalenediol, which were interpreted as bromine atoms and further confirmed by anomalous data collected near the bromine absorption edge (data not shown). Due to the lack of unambiguous density allowing the positioning of the naphthalene moiety of the entire compound as well as highly disordered mobile loops α4 -β2 (132-140) and α9 -β8 (296-313), the corresponding structure could not be fully modelled with sufficient confidence and is not reported in this study.
Overall, identification of the inhibiting compound binding in a hydrophobic moderately conserved intersubunit cavity in close proximity of the active site of PfATC and structural rearrangements associated with it's binding provide an opportunity for further drug developments and could result in highly specific PfATC inhibitor. Such a compound would aid in validation of PfATC as a drug target and could be an addition to the antimalarial "toolbox".
